ICF (immunodeficiency, centromeric region instability and facial anomalies) is a recessive disease caused by mutations in the DNA methyltransferase 3B gene (DNMT3B).
INTRODUCTION
ICF (immunodeficiency, centromeric region instability and facial anomalies) is a rare chromosome instability syndrome that is autosomal recessive. It is the only disease shown to be associated with mutations in a DNA methyltransferase gene (1, 2) . Chromosomal anomalies are targeted specifically to the vicinity of the centromere (pericentromeric region) of chromosome 1 (Chr1) or Chr16 in mitogen-stimulated lymphocytes and B lymphoblastoid cell lines (LCLs) from these patients (3, 4) . The only other types of chromosomal aberrations associated with ICF are rare abnormalities in the pericentromeric region of Chr9 (3) and telomeric associations, which have been reported so far only in two ICF LCLs (4) .
Severe immunodeficiency and high frequencies of pericentromeric decondensation and rearrangements in Chr1 and Chr16 upon karyotype analysis of blood samples are diagnostic for this syndrome (3) . Also, in all studied ICF tissue samples, hypomethylation has been found in satellite 2 (Sat2) DNA, the main component of centromere-adjacent (juxtacentromeric) heterochromatin, where the ICF-specific decondensation is seen (4) (5) (6) . Sat2 DNA is highly methylated in normal postnatal *To whom correspondence should be addressed. Tel: +1 504 584 2449; Fax: +1 504 584 1763; Email: ehrlich@tulane.edu somatic tissues (4) . Various other abnormalities are often seen in ICF patients, such as, facial anomalies, intestinal problems, growth retardation and neurological dysfunction (3) . Also, we recently reported that ICF LCLs are hypersensitive to the lethal effects of γ radiation but without deficient cell cycle checkpoint responses (7) .
In order to elucidate the changes in gene expression that account for the symptoms of ICF and to understand the relationships between targeted DNA hypomethylation and gene expression, we compared RNA from LCLs of ICF patients and normal controls using an oligonucleotide microarray. Among the genes that showed significant ICF-specific decreases or increases in RNA are five Ig genes and nine genes involved in the activation or late maturation of lymphocytes. The results of our study can help explain the heretofore enigmatic nature of the immunodeficiency in ICF.
RESULTS

Confirming the ICF-specific phenotype of the analyzed B-cell lines
For the microarray analysis of ICF-specific gene expression, six ICF and five control polyclonal B-cell LCLs were used. The choice of B-cell lines was predicated upon the central role of B cells in abnormal Ig production in ICF and the inaccessibility of uncultured B cells from multiple patients' blood samples because only slightly more than 30 ICF patients have been reported in the last few decades and few reach adulthood. Despite their maintenance in cell culture for extended periods of time, the LCLs exhibited highly significant ICF-specific differences in RNA levels as described below. Moreover, the ICF LCLs displayed the diagnostic karyotype of mitogenstimulated ICF lymphocytes, namely, much higher levels of the ICF-specific chromosomal abnormalities in the pericentromeric regions of Chr1 and Chr16 than control LCLs (Table 1) and hypomethylation of Sat2 DNA in somatic cells (see below). The ICF LCLs were from five unrelated ICF patients with various mutations in DNMT3B ( Table 1 ). The five control LCLs were from unaffected unrelated individuals (Normal A and D) or phenotypically normal parents of ICF patients (Normal B, G and C). The LCLs from the ICF patients' parents had a similar passage history as the patients' LCLs. All the ICF LCLs exhibited telomeric associations previously reported in two examined ICF LCLs (4) .
We also assayed these LCLs for hypomethylation of the major DNA component of juxtacentromeric heterochromatin of Chr1, Sat2 DNA, which is characteristic of ICF. BstBI digests of the LCL DNAs were hybridized in Southern blots with a Chr1 Sat2-specific probe. All of the ICF LCLs exhibited similarly hypomethylated Sat2 DNA compared with the control LCLs, as previously demonstrated for ICF B and ICF C relative to the LCLs from their parents and to Normal A and Normal D LCLs (4) . ICF B and ICF C LCLs had been checked for overall genomic 5-methylcytosine (m 5 C) levels by analysis of DNA digested to deoxynucleosides and shown not to be detectably m 5 C-deficient relative to normal LCLs (4) . However, we had demonstrated that DNA from the one assayed uncultured ICF tissue, ICF brain DNA, had ∼7% less m 5 C than normal brain DNA samples (m 5 C to C ratios of 0.043 and 0.0455, respectively) (4).
Overview of altered gene expression in ICF LCLs
RNA from ICF and control LCLs was compared using microarrays containing oligonucleotide probes for approximately 5600 different human genes. In analyzing the data from the arrays, we looked for genes whose RNAs were significantly over-or under-represented in ICF versus control LCLs. We required that at least three of the LCLs give significant expression of that transcript (P < 0.01 comparing the perfect match to mismatch probes). There were 3881 of such probe sets, which indicates transcription of more than half of the genes on the array by at least some of the LCLs in this work. Forty-five of these displayed differences between the ICF and control LCLs at a significance level of P < 0.05 and a fold change (FC) of >2.0 or an FC > 1.5 and a P < 0.01. We also compared RNAs from five normal LCLs and three non-LCL cell lines (triplicate RNA samples from a lung carcinoma cell line, A549; a brain tumor cell line, U118; and a colorectal cancer cell line, Lovo). In an ANOVA of these samples there were 510 probe sets that were restricted in their expression to LCLs, with an FC ≥ 1.5 and P < 0.05 for all three LCL versus non-LCL comparisons. Out of the 45 probe sets displaying ICF versus normal LCL differences, 18 were among the 510 LCL-specific probe sets. That an excess of the probe sets which show up-or downregulation in ICF are specifically expressed in LCLs relative to non-lymphoid cell lines is significant at P < 0.00001 for Fisher's exact test (two-sided).
In Tables 2-4 , we show data for 32 genes with significant ICF-specific differences in RNA levels. The remaining 13 genes were not included in the tables because their expression levels were not sufficiently high (>200 arbitrary units as the average expression for the ICF or control LCLs) or reproducible among the ICF or control LCLs (at least three of the five patients showing an FC in the same direction and the average for the ICF LCLs or control LCLs not strongly influenced by one or two outliers). These 32 genes were selected using just these parameters without regard to functionality or tissue specificity. Many of these genes had functions that could be related to the ICF phenotype and several of these showed consistent results from replicate or related probe sets. For example, the transferrin receptor gene, TFRC, which is involved in lymphocyte activation as well as the general regulation of iron metabolism, showed an average of 2.0-2.4 times less RNA signal in ICF than in normal LCLs for three different TFRC probe sets in the arrays (Table 3) . The tumor necrosis factor receptor superfamily member 17 (TNFR17) gene, which is implicated in B-cell activation, and its overlapping antisense (AS) gene (8,9) gave concordant ICFspecific differences in their RNAs (Table 3 ; Fig. 1 ) consistent with the finding that LCLs which express TNFR17 RNA usually also express TNFR17 AS RNA (8) . GUCY1B3 and GUCY1A3, both of which exhibited higher RNA levels in ICF than normal LCLs (Table 4 ; Fig. 1 ), encode two subunits of the same enzyme and are generally coordinately expressed (10) . Moreover, the inverse relationship between ICF-associated increases in RNA levels for the Ig heavy chains IgHM and IgHD and decreases for IgHG3, IgHA1 and IgHA2 are expected for these classes of Ig genes given the genomic recombination in Ig class switch regions which deletes IgHM and IgHD exons during generation of mature heavy-chain IgG and IgA genes.
We controlled for differences among the LCLs other than their status as ICF or control cell lines. Neither differences in ploidy (Table 1) nor growth rate could explain ICF-associated increases or decreases in RNA levels and X-linked genes did not show ICF-specific differences in expression. We checked that the ICF-specific expression of genes in Tables 3 and 4 was not just a consequence of the cells overexpressing IgHM and IgHD RNA. Because Normal A had a similar pattern of Ig RNA expression to that of the ICF LCLs (Table 5) , we determined whether this control cell line had RNA levels similar to those of the ICF LCLs for any of the genes in Tables 3 or 4. The only genes for which this was found to be the case were those encoding GUCY1B3 and GUCY1A3 subunits (Table 4 ; Fig. 1 ). The mean RNA signals for GUCY1B3 among the ICF LCLs, Normal A, and the other control LCLs were 1316, 813 and 162 and the analogous values for GUCY1A1 were 233, 179 and 81, respectively. Therefore, in B cells, there might be a previously unreported association of expression of soluble guanylate cyclase 1 subunit genes with the immunoglobulin status.
ICF-specific changes in immunoglobulin RNAs and surface immunoglobulins
The reported immune problems in most of the known ICF patients (30 patients; C.M.R.Weemaes and D.Smeets, unpublished data) are usually severe but occasionally slight. The patients may have no or low amounts of IgG, IgA and/or IgM (Table 5) , and they usually have normal levels of B cells. The ICF LCLs had very low signals for IgG3 and IgA1 and IgA2 heavy-chain RNAs compared to most of the control LCLs (Tables 2 and 5) . However, these ICF cell lines had high levels of IgM and IgD heavy-chain RNAs. For example, the ICF LCLs had IgD RNA signals ranging from approximately 2400 to 5500 (mean 3383) compared to signals of 400-1700 (mean 808) for the normal LCLs. No significant difference in expression of λ or κ light-chain RNA was seen in the ICF versus normal LCLs. Table 1 . Frequency of different types of chromosomal abnormalities in ICF and control LCLs a ICF LCLs were from unrelated individuals but ICF B and ICF B′ were derived from the same culture which was subsequently propagated in different laboratories. Normal B, C, and G were LCLs from completely unaffected parents of ICF patients B, C, and G. Normal B and G have a mutant allele in common with the corresponding patient but Normal C does not because one of the two mutant alleles in the ICF patient C apparently arose de novo (30) . Normal A and D were established from blood cultures of normal individuals not in ICF families. b Multiradials, delns, chrb and chtb are chromosomes with more than two arms fused in the pericentromeric region, whole-arm deletions, chromosome breaks and chromatid breaks, respectively. Fifty metaphases were examined for each LCL. Only ∼10% of the ICF cells with 1qh or 16qh decondensation had more than one Chr1 or Chr16 displaying this anomaly and none of the metaphases with rearrangements of Chr1 or Chr16 had both homologs with the same anomaly. Approximately 80% of ICF B metaphases were tetraploid and the rest were diploid but the frequencies of 1qh decondensation, 16qh decondensation and pericentromeric rearrangements were similar for the tetraploid and diploid ICF B cells. 
To determine the percentage of cells in each LCL expressing IgG, IgA, IgM or IgD, these and several additional polyclonal B-cell lines were analyzed by flow cytometry with fluorochromelabeled antibodies to human Ig. Most of the cells in six of eight examined ICF LCLs were positive for cell surface IgM (sIgM + ) and many of these cells were sIgD + (Table 5 and data not shown). In contrast, all the ICF LCLs displayed negligible numbers of sIgG + or sIgA + cells. Also consistent with the microarray data, the normal LCLs gave very different results. Six of the seven normal LCLs had sIgG or sIgA on a large fraction (usually most) of their cells. The lack of cell-surface Ig for ICF B′ and ICF K probably reflects a post-transcriptional deficiency (such as, the loss of Ig-specific chaperone-assisted folding of the heavy chain in the endoplasmic reticulum) resulting from changes during prolonged cell culture. ICF B′ differed from ICF B, which was sIgM + and sIgD + , by being passaged in a different laboratory after establishment from a single blood sample. From the highly consistent results on the levels of Ig RNA and the flow cytometry analysis at the level of protein (Table 5 plus results from the four additional LCLs mentioned above), we conclude that the B cells in the peripheral blood of ICF patients are probably mostly IgM + (or IgD + ) with extremely low percentages of IgG + or IgA + cells, in contrast to the cells from normal individuals which are mostly IgG + or IgA + . The differences in the results from clinical analyses of serum Ig in ICF patients and microarray or flow cytometric analyses of ICF LCLs, notably for IgM and IgD, could be explained by defects in B-cell maturation and/or activation after V(D)J recombination in the patients.
ICF-specific changes in RNAs encoding proteins regulating lymphocyte migration, activation or homing
Nine of the genes showing ICF-specific differences in RNA levels are implicated in lymphoid cell differentiation or specific lymphoid function after V(D)J recombination and most of them are involved in signal transduction or in the control of transcription ( Table 3 ). The genes with increased levels of RNA in ICF LCLs are the regulator of G-protein signaling gene 1 (RGS1; Fig. 1 ) and protein kinase C eta (PRKCH). RGS1 is a B-cell-and monocyte-specific protein that negatively regulates chemokine signaling through heterotrimeric guanine-nucleotide binding proteins (11) and controls B-cell migration within lymphoid organs in response to chemokines (12) . PKC eta is present at high levels in pro-B cells and early-stage thymocytes and was shown to be proapoptotic in the former cells (13) . The pro-B cells in ICF patients could have yet higher levels of PKC eta RNA relative to their normal counterparts than do ICF LCLs because only the ICF pro-B cells with less of an increase in this RNA might survive selection in the bone marrow.
Lower RNA levels in ICF than in control LCLs were seen for the TNFR17 and its overlapping AS gene (Table 3 ; Fig. 1 ). TNFR17, also known as B cell maturation factor, is a membrane receptor whose protein ligand (zTNF4) is important for antibody production (9) . TNFR7, another TNFR superfamily member assigned roles in antibody production (14) , also had significantly lower RNA levels in ICF LCLs than in normal LCLs (Table 3) . RNA for B lymphoid tyrosine kinase (BLK), which might function downstream of heterotrimeric G proteins (15) , was downregulated in ICF LCLs (Table 3) . BLK Table 2 . Immunoglobulin or T-cell receptor genes which displayed ICF-specific changes in RNA levels a a In Tables 2-4 , we show data for 32 genes with significant and consistent differences in mean trimmed RNA levels between ICF LCLs and normal LCLs as described in Results. These genes were selected without regard to functionality or tissue-specific expression. The quantile-normalized RNA signals, trimmed means and P-values for all the probe sets in the microarray analysis of ICF and normal LCLs are publicly available at http://dot.ped.med.umich.edu:2000/pub/ICF/index.html b Positive FC values denote genes with higher mean values for ICF LCL RNAs than control LCL RNAs and are the mean of the RNA ICF divided by the mean of the RNA control for a given probe set. Negative FC values indicate genes with less RNA in ICF than control LCLs and are the negative of the mean of the RNA control divided by that of the RNA ICF for the indicated probe set. FC for IGHG3 is a minimum estimate because of the very high level of expression in the control LCLs. c P-values are for two-sample t-tests to evaluate the significance of ICF-associated decreases or increases in mean RNA levels relative to the controls. d Out of the six examined ICF LCLs, the number of ICF LCLs which showed a change in RNA levels similar to the average FC for ICF versus control LCLs. RNA has been proposed to be involved in signal transduction in the B-cell and thymocyte lineages (16) . Two RNAs downregulated in ICF LCLs are needed for normal immunity as determined by mice knockout studies (Table 3 ; Fig. 1 ). They encode integrin β7 , which facilitates homing to lymphoid tissue in the gut (17) , and a transdominant negative protein (ID3), which inhibits the activity and expression of tissue-restricted bHLH proteins by sequestering differentiationinducing E proteins (18) . ICF-associated decreases in RNA levels were also seen for the transcription enhancer MEF2C (19, 20) (Table 3 ; Fig. 1 ) and the transferrin receptor (21) ( Table 3) , both of which are associated with immune function. Some of the noteworthy genes that did not display ICF-specific differences in RNA levels are the B-cell antigen receptor complex components CD79a and CD79b; the lymphocyte surface protein, CD81; the B-cell surface protein CD19, a pan B-cell marker; and various members of the integrin family other than ITGB7, of the protein kinase C family other than the Table 2 . FC for PTPN13, FHL2, CNN3 and other probe sets in the array with means <100 was computed by replacing means <100 by 100 before calculating the ratio of the two means. Some of these genes may also impact leukocyte function or maturation but those in Tables 2 and 3 are more closely associated with leukocytes. b Also known as β1 and α1; poorer hybridization to α3 than β3 probe sets could be due to an earlier flawed sequence used for α3 probe sets or to alternative splicing. 
ICF-specific changes in RNA levels of other genes
Several genes encoding proteins involved in signal transduction or apoptosis, but not specifically associated with lymphogenesis, exhibited ICF-specific differences in RNA levels. GUCY1B3 and GUCY1A3 (GUCY1B1 and GUCY1A1) (22) are ∼0.1 Mb apart and encode the subunits of a soluble guanylate cyclase. Both RNAs were overexpressed in ICF LCLs (Table 4 ; Fig. 1 ). Their hemoprotein mediates NO signaling and is involved in many biological processes (23) . Also upregulated in the ICF LCLs was the RNA for protein tyrosine phosphatase 13, which can associate with the apoptosisinducing Fas/CD95 (Table 4) . Overexpression of protein phosphatases may help maintain a resting, non-activated phenotype of circulating T cells (24) . Two anti-apoptotic genes that are expressed in various tissues and were downregulated in the ICF LCLs were the cell cycle-related BTG2 (25) and the stress response gene heme oxygenase 1 (HMOX1) (26) . Several genes displaying ICF-specific differences in RNA levels are transcription factors or coactivators, e.g. MEF2C (Table 3) , which is implicated in IgM secretion, and the ubiquitous transcription factor retinoic acid receptor α (RARα; Table 4 ). RARα has been reported to inhibit activation of resting peripheral blood B cells; to induce or inhibit apoptosis depending on the concentration of retinoid ligand; and to modulate granulopoeisis (27, 28) . Lastly, some RNAs that were upregulated specifically in ICF LCLs are from poorly characterized human genes, namely, BBC3 (BCL-2 binding component 3), KOC1, MARK3 CNN3, or a gene whose expression is not associated with leukocytes, namely, F13A1 (Table 4) .
Methylation analysis of promoter regions of four genes with ICF-specific RNA levels
ICF-linked genomic hypomethylation includes Sat2 and Sat3, D4Z4 repeats, NBL2 repeats and some X-linked genes (5, 29, 30) . We tested the LCLs for ICF-specific hypomethylation of the promoter or 5′ region of three genes that displayed ICF-linked upregulation of expression (RGS1, GUCY1B3 and F13A1; Tables 3 and 4) . Because DNA hypomethylation and hypermethylation are established in different parts of the genome during embryogenesis and often during carcinogenesis (31), we also analyzed an ICF-downregulated gene (TNFR17) for possible hypermethylation of its promoter. CpG islands overlapping vertebrate promoters and 5′ transcribed regions are usually constitutively unmethylated; therefore, two of the four genes for this methylation analysis were chosen partly because they did not have CpG islands in the examined region (RGS1 and TNFR17). For one of the two studied genes whose promoter region is in a CpG island (GUCY1B3), we analyzed an upstream DNA sequence with a low CpG density as well as the CpG-rich 5′ region of the gene. These analyses were done by combined bisulfite restriction analysis (COBRA), a quantitative assay of C methylation in which restriction sites can be destroyed or created because of C→T conversions only at unmethylated C residues upon bisulfite modification, alkaline treatment and PCR (32) . We used COBRA rather than genomic sequencing because the latter is more difficult to quantitate, especially when trying to explain 2-4-fold differences of expression. With COBRA, we can analyze methylation at individual CpG sites, as in Southern analysis, but COBRA allows more rapid examination of multiple genes and displays methylation by a positive result rather than by enzyme resistance. We analyzed two to eight CpG 5′ or promoter region sites for each of the four examined genes (Table 6 ) and, as described below, the results obtained at different sites for a given DNA region were consistent.
Two of the studied genes, RGS1 and TNFR17, are preferentially expressed in mature B cells with little or no expression in T-cell lines and mitogen-activated T cells (8, 12, 33, 34) . RGS1 has not been detected in pre-B-cell lines (12) . TNFR17 transcripts have been observed in pre-B-cell lines but not in lymphoid precursor nor myeloid cell lines (8) . The RGS1 promoter region has a very low CpG content. The 900 bp upstream of the beginning of TNFR17 has almost 2% CpG and the predicted CpG frequency from its base composition would be ∼4.5% if there were no under-representation of CpGs. Therefore, it does not display the 4-5-fold under-representation of CpGs typical of bulk vertebrate DNA but it is not as rich in CpGs as a CpG island. Two TNFR17 CpG sites, one located 55 bp downstream of the transcription start site (+55; all positions given relative to the beginning of the gene; Fig. 2 ) and one at -128 and two RGS1 CpG sites at -83 and -2282 were amenable to COBRA (Fig. 2D and E) . The -83 RGS1, -128 TNFR17 and +55 TFNR17 CpG sites were unmethylated in all LCLs and in the B-cell fraction of blood (<5% digestion; Fig. 2A and C and data not shown). They were ∼40-70% methylated in various normal tissues with the exception of RGS1's site in sperm, which displayed >99% methylation. That the examined RGS1 promoter's CpG was also hypomethylated in a non-B-cell leukocyte fraction, where this gene is not expected to be expressed, suggests that hypomethylation of this region precedes expression rather than being a consequence of it. Further upstream at the -2282 RGS1 CpG site, there was 40-90% methylation in all tested cell populations but, again, there was no correlation of methylation status with the ICF phenotype (Fig. 2) . Four CpG sites within the 300 bp upstream of the beginning of the widely expressed guanylate cyclase β3 gene (GUCY1B3) were amenable to COBRA using TaqI (three sites) and RsaI (one site). This amplified promoter region was undigested (<5% digestion) and, therefore, unmethylated in all tested LCLs and tissues with two exceptions (liver and Normal D, ∼10-50% digestion with either of the above enzymes). This promoter region is part of a 1.7 kb CpG island extending into the beginning of the gene and has CpG and C + G contents of 4 and 57%, respectively. Further upstream, in the -380 to -650 region, which has a typical, low CpG content (1%), there was much methylation of all tested LCL and somatic tissue samples at four COBRA sites assayed with HpyCH4IV. In contrast, sperm was completely unmethylated at these sites. The levels of methylation in the somatic cell samples were variable but, again, no correlation was seen between the ICF status and the extent of methylation. COBRA assays of three CpG sites (one each for HpyCH4IV, BstUI, and TaqI) from +53 to +144 of F13A1, which encodes a subunit of the coagulation factor XIII, revealed a complete lack of methylation (<5%) in all the LCLs and tissues despite this protein's specific association with monocytes/macrophages, megakaryocytes/platelets and placenta (35) . From approximately the transcription start point to ∼800 bp downstream is a CpG island, which has CpG and C + G contents of 5 and 64%, respectively.
DISCUSSION
ICF is usually discovered in early childhood by the repeated occurrence of severe infections and by the finding of high frequencies of rearrangements in the pericentromeric regions of Chr1 and Chr16 in mitogen-stimulated lymphocytes (3). ICF leukocytes always display hypomethylation in Chr1 and Chr16 within the Sat2-containing heterochromatin adjacent to the centromere, i.e. the juxtacentromeric heterochromatin (1qh and 16qh), as well as in other DNA repeats (29) . ICF DNA hypomethylation, which is restricted to a small percentage of the genome (7% in brain) (4) , is usually the result of mutations in both alleles of DNMT3B (36) . It could be due to a lack of de novo methylation of these sequences early in embryogenesis after most of the DNA methylation is lost and methylation patterns are re-established and/or to a deficiency in DNMT3B activity in postnatal cell populations. Adult cells, including ICF LCLs (37), contain DNMT3B RNA although DNMT3B expression appears to be especially high in embryonic cells (2) .
We studied differential expression of genes in ICF versus normal LCLs using B-cell lines (LCLs) because the most consistent and important symptom of this syndrome involves B-cell dysfunction, namely, decreased Ig levels in serum. The six ICF LCLs that we studied retained the cellular phenotype of Sat2 hypomethylation and chromosomal abnormalities in the Sat2-rich 1qh and 16qh (Table 1) . Validation of the microarray RNA analysis on LCLs was established in several ways. Among the genes showing ICF-specific over-or underexpression, lymphogenesis-associated genes were significantly over-represented compared to all LCL-expressed sequences (see Results), and these differences correlate with the immunodeficiency of ICF. For five of the genes displaying ICFspecific differences in RNA levels (TFRC, IGHM, IGHA1, GUCY1B3 and TNFR17), we had independent, closely related probe sets on the microarray that confirmed the ICF-associated changes (Tables 2-4) . Lastly, we verified the ICF-specific expression from five genes (IGHG3, IGHA1, IGHA2, IGHD and IGHM) at the protein level (Table 5 ).
Whereas many of the genes that showed significant ICF-specific underexpression or overexpression in the LCLs can account for much of the immunodeficiency that characterizes ICF (see below), none is a good candidate to explain the chromosome instability targeted to the pericentromeric regions of Chr1 and Chr16 in mitogen-stimulated lymphocytes and in LCLs from ICF patients. Therefore, cis effects of hypomethylation at 1qh and 16qh might suffice in the context of the correct cell type (lymphocytes stimulated with mitogen in vitro or B-cell lines) (3, 4, 38) for predisposing to these chromosomal anomalies (4) . Caveats are that the microarray that was used in this work represents only ∼20% of the estimated number of human genes and some of the genes that are involved in transcription control or signal transduction and display ICF-specific differences in RNA levels (Tables 3 and 4 ) might indirectly contribute to the ICF chromosome abnormalities.
The present work clarifies the previously unknown nature of the immunodeficiency in ICF. Sometimes, the defective response of ICF patients to antigens is seen as low in vitro stimulation indices for B or T cells upon exposure to mitogens or antigens (39) (40) (41) . Infections usually affect the pulmonary or gastrointestinal tract. Serum Ig levels in blood samples are highly variable in ICF patients, but the typical finding is low serum Ig coupled with normal B-and T-cell numbers in peripheral blood (C.M.R.Weemaes and D.Smeets, unpublished data), indicating that the early stages of lymphocyte differentiation are usually not abnormal. In some patients, deficiencies are seen in only certain, variable subclasses of IgG (41; B.H.Belohradsky, unpublished data). The variability in the phenotype of ICF patients is probably partly attributable to the varied nature of DNMT3B mutations. To date, such mutant alleles in ICF patients always include at least one allele that is not a null allele and so may specify different amounts of residual DNMT3B activity (36) . This is consistent with the finding that homozygous Dnmt3b knockout in mice is lethal during embryogenesis (2) .
Our analysis of ICF B-cell lines for surface antigens showed that high percentages of these cells have membrane-bound IgM and/or IgD, indicating that V(D)J recombination was normal for the precursors of these cells. No surface IgG or IgA was detected in these LCLs, in contrast to the control LCLs, and none had appreciable levels of IgG or IgA RNA. Despite the unusually high percentages of cells containing surface IgM in six of the eight examined ICF LCLs, the patients from whom these were derived were moderately to severely deficient in serum IgM (Table 5 and data not shown). These findings suggest that a block at class switching is not the immediate problem in the immune system of ICF patients but rather that they have other deficiencies in lymphocyte maturation or activation.
In the microarray analysis, we found highly promising genes whose dysregulation may be largely responsible for the immunodeficiency in ICF. None of the genes exhibiting ICFspecific differences in RNA levels correspond to genes shown by microarray analysis to be dysregulated in a human colon adenocarcinoma cell line treated with the DNA demethylating (and DNA damaging) agent 5-azadeoxycytidine (42) . Also, none are the same as those whose RNAs are abnormally regulated in murine fibroblasts containing a conditional Table 6 . Parameters for COBRA analysis of DNA methylation for six regions of genes displaying ICF-specific differences in RNA levels a The sequences (5′-3′) of the PCR primers for the bisulfite-treated strand (the sense strand) are given followed in parenthesis by the sequence of the sense strand in the primer region before bisulfite treatment. b Ten micrograms of DNA was used for bisulfite treatment, purified and 1/20 of the DNA was subject to PCR as described previously (63) . The annealing temperature and time for annealing are given. The indicated regions were amplified by one or two rounds of PCR of 30 or 32 cycles each with a 1:100 dilution of the first-round product and freshly added primers, buffer and enzyme in the case of two rounds of PCR. The necessity of more amplification with some of the primerpairs than with others is due to the non-optimal nature of many primers for bisulfite-treated DNA, e.g. their enrichment in A + T and runs of T residues from C→T conversions. c Restriction sites followed by an asterisk do not pre-exist in the untreated genomic DNA, but rather, are generated by C→T conversions at non-CpG C residues in the sequence upon bisulfite treatment and PCR. Cleavage at all the given restriction sites was obtained only if the CpG-containing C residue in the sequence was methylated. d The sizes in base pairs of the restriction fragments that would be obtained from the PCR products if there were complete CpG methylation at the site are given. Fragments of >90 bp could be detected in the 1% electrophoresis gel. knockout of Dnmt1 that causes massive demethylation (43), unlike the very limited demethylation in ICF cells. Our study revealed nine genes with ICF-specific dysregulation whose protein products are involved in lymphocyte migration, activation or survival consistent with abnormal lymphocyte maturation or function (Table 3) . For example, the ICF LCL-linked overexpression of RGS1 (Table 3 ; Fig. 1 ), a B-cell-associated negative regulator of heterotrimeric G-protein signaling, probably reflects a decreased ability of B cells in ICF patients to respond to chemokines (12, 44) . Also, RGS1 strongly inhibits the directed migration of lymphoid cells (11, 12) . RGS1 expression has been postulated to lead to the retention of B cells in the germinal center of lymphoid organs (12) . That significantly more RGS1 RNA was present in ICF LCLs than in the control LCLs is consistent with the hypothesis that B-cell migration within lymphoid organs is defective in ICF patients, in turn, preventing the normal final stages of maturation. A gene that displayed ICF-specific changes in RNA levels, the integrin β7 gene (ITGB7; Table 3 ; Fig. 1 ), has been demonstrated to be important for promoting intra-organ movement of lymphocytes (45) . Whereas RGS1 is involved in negative control of lymphocyte migration and had an increased concentration of its RNA in ICF LCLs, ITGB7 promotes lymphocyte migration and, accordingly, had lower levels of RNA in ICF LCLs. Another RNA whose downregulation in ICF LCLs suggests involvement in ICF immune dysfunction encodes TNFR17, a B-cell-associated member of the tumor necrosis receptor family without a death domain (8, 34) (Table 3 ; Fig. 1 ). It is the receptor for zTNF4 (also known as BLyS, BAFF, TALL-1 or THANK), which plays an important role in B-cell expansion and antibody responses (9) . Functional redundancy between Tnfr17 and Taci, another zTNF4 receptor, may be responsible for the lack of a phenotype in Tnfr17 (Bcma) homozygous knockout mice (46) , but such redundancy might not exist in humans, especially because there is only 56% identity between the human and murine proteins. TNFR17 has been proposed to transduce signals for cell survival and proliferation through activation of the MAP kinase pathway (47) , which is an essential part of B-and T-cell development.
Two other genes that are also underexpressed in ICF LCLs and can be upregulated in stimulated B cells are transferrin receptor (21) and B-MEF-2 (apparently encoded by MEF2C) (20) . MEF2C is primarily expressed in skeletal muscle, brain, and spleen, and within the lymphoid lineage, it is restricted to B cells (20, 48) . In B cells, MEF2C is a positive regulator of J chain expression (20, 49) . Because the J chain is required for optimal production of secreted pentameric IgM and dimeric IgA, decreased expression of MEF2C (Table 3 ; Fig. 1 ) could affect the ability of ICF B cells to produce secreted forms of IgM while maintaining normal expression of IgM on the surface of the B cells, consistent with the phenotype of the ICF patients in this microarray study. The product of the other gene, transferrin receptor, is critical for transport of iron into cells. Increased transferrin receptor in B cells is a marker for activation (21) and has a role in antigen trafficking in B cells (50) . Thus, the decrease in transferrin receptor RNA observed in ICF LCLs in comparison to normal LCLs (Table 3) mice, these mice have reduced IgG1 and IgG2a levels and large decreases in production of various subclasses of serum Ig, including IgM, in response to T-cell dependent or T-cell independent antigens (51) . Part of their deficient humoral immunity may be due to a defective B-cell proliferation response to activation of the B-cell receptor complex (51) . Furthermore, in another Id3 -/-mouse model, Id3 was shown to be necessary for thymocyte positive selection, possibly operating through T-cell receptor signaling (18) . Importantly for elucidating the immunodeficiency associated with ICF, Id3 +/-mice, which should have approximately half the normal amount of Id3 RNA, also had perturbed thymocyte maturation (18) . This phenotype for the heterozygotes could be a result of the loss of a delicate balance between levels of Id3/ID3 and of a thymocyte-specific transcription activator E protein. ICF LCLs also had approximately half the level of ID3 RNA compared to controls (Table 3 ; Fig. 1) .
Some of the changes in RNA levels in ICF versus control LCLs may be secondary to changes in RNA levels specified by other genes. For example, the increase in RGS1 RNA in ICF LCLs (Table 3 ; Fig. 1) should lead to decreased G iα and G qα signaling resulting in downregulation of MAP kinase activity in response to platelet activation factor (PAF) (12) . Effects of modest changes in RGS1 protein levels might be dramatic because RGS proteins generally have low Km values (52) . Negative regulation of MAP kinase activity might be responsible for the ICF-specific decreases in ID3 RNA levels because ID3 is regulated at the transcription level by MAP kinase activity (53) . Also, a lack of maturity of B cells in ICF patients' peripheral blood could account for the low levels of some of the RNAs in ICF LCLs, e.g. integrin β7, TNFR17 and TFRC RNAs, because those proteins are associated with leukocyte or B-cell maturation (21, 34, 54, 55) .
However, the postulated immaturity of the B cells from which the LCLs were established would not explain the ICF-linked increases in RGS1 RNA. Higher levels of transcripts from RGS1 are associated with mitogen activation of tonsil B cells or induction of G-protein signaling in a B-cell line by PAF (12, 33) . RGS proteins have been proposed to be necessary for feedback desensitization of G-protein activated pathways (11) and so the increase in RGS1 levels in B cells from ICF patients, who appear to be deficient in the activation of B cells, indicates a premature induction of this feedback control. We propose that RGS1 and a few other of the genes showing ICF-specific differences in RNA levels (as well as genes not represented in this array) are proximal targets of the deficiency in DNMT3B activity in ICF patients. Most of the other genes with ICF-specific changes in their RNA levels may be subject to changes in transcription or post-transcriptional processing or stabilization of their mRNA secondary to proximally affected genes that control signal transduction, other types of feedback pathways or transcription.
The DNMT3B mutations in ICF patients are often missense mutations in the catalytic domain, suggesting that it is the loss of DNA methyltransferase activity and not some other function of the protein that is responsible for the syndrome. For vertebrate DNA sequences subject to transcription control by DNA methylation, this control is almost always downregulation. Furthermore, DNA methylation is often associated with heterochromatinization, which is generally repressive to transcription. Therefore, we hypothesize that it is some of the upregulated genes in ICF LCLs whose RNA levels are most directly affected by the DNMT3B mutations and that this is the result of ICF-specific DNA hypomethylation. Nevertheless, no ICF-specific differences in promoter methylation were seen in three of the genes that had higher RNA levels in ICF than in the control LCLs. COBRA analysis of promoter regions of the two B-cell-specific genes did reveal B-cell-or leukocyte-specific hypomethylation, but this occurred irrespective of whether the cells were derived from ICF patients or unaffected individuals ( Fig. 2A and C) . In ICF lymphoid cells, hypomethylation of regions of the genome that are normally constitutively heterochromatic (e.g. 1qh and 16qh) and consequent decreases in heterochromatinization (3,4) might affect regulation of expression of genes elsewhere in the genome. This could occur by altering the nuclear compartmentalization of a small percentage of the gene-containing euchromatin or modulating the sequestration of certain transcription regulatory proteins at specific constitutive heterochromatin regions (56, 57) . Evidence suggests that, during murine lymphogenesis, centromeric heterochromatin is involved in the heritable repression of TdT and several other genes through an interaction with euchromatin regions containing these genes (56, 58) . Ikaros, a transcription regulatory factor that binds specifically to TdT and λ5 promoters and to centromeric heterochromatin, mediates this repression of TdT and λ5 transcription (57, 59) . Similarly, centromeric heterochromatin seems to have a repressive interaction with the human β-globin locus (60) . Different heterochromatin-rich domains, such as the human Satα-rich centromeric heterochromatin and Sat2-rich1qh and 16qh, might act independently of one another (56) . Further studies will be necessary to determine whether, in normal lymphocytes, association of highly methylated DNA in constitutive heterochromatin negatively controls expression of genes that exhibit upregulation of their RNA in ICF LCLs and whether this control is abrogated in ICF lymphocytes by DNA hypomethylation.
MATERIALS AND METHODS
Cell lines and their characterization
All LCLs were Epstein-Barr virus-transformed B-cell lines. LCLs ICF B/B′, ICF C, ICF S, ICF K and ICF G have been described previously (3, 6, 39, 40, 61) ; the first three were from patients P1, P6 and P14, respectively, in Wijmenga et al. (36) . Normal B, C and G were from phenotypically normal parents of patients who were donors for ICF B/B′, C and G LCLs. Normal A and D were from phenotypically normal individuals (4). ICF B, ICF B′, ICF G, ICF K, Normal A, D and C were from males whereas the other LCLs were from females. Fifty metaphases were examined for gross chromosomal aberrations in each LCL from the same cell passage used for harvesting for the microarray expression analysis. To prepare cell pellets for RNA extraction for microarray analysis, LCLs were split 1:3.3 when they were at 5 × 10 5 cells/ml, incubated, and then approximately 10 × 10 6 cells were harvested when the cultures reached a concentration of 3 × 10 5 cells/ml. Chromosomal anomalies and Chr1 Sat2 DNA methylation was assessed as described by Tuck-Muller et al. (4) . ICF LCLs which were used just for flow cytometry were from patient B in Xu et al. (1) and his affected brother.
Microarray analysis
Total RNA was isolated by standard methods (Trizol reagent, Invitrogen, Gibco Life Technology, Carlsbad, CA; RNeasy spin column, Qiagen, Valencia, CA). Preparation of cRNA from 5 µg of total RNA, hybridization and scanning of the oligonucleotide arrays (HuGeneFL, Affymetrix, Sanat Clara, CA) were performed as described by Le Naour et al. (62) on 5 µg of total RNA reverse transcribed with an oligo(dT) 24 primer containing a T7 RNA polymerase promoter site. Then, labeled cRNA was generated by in vitro transcription. Fifteen micrograms was fragmented at 94°C for 35 min in 40 mM Tris-acetate, 100 mM potassium acetate, 30 mM magnesium acetate pH 8.1 and used to prepare 300 µl of hybridization mixture [100 mM 4-morpholineethanesulfonic acid (MES) pH 6.7, 1 M NaCl, 20 mM EDTA, 0.01% Tween 20, 0.1 mg/ml herring sperm DNA, 500 µg/ml acetylated bovine serum albumin] containing a mixture of control cRNAs for hybridization efficiency and quantitation of transcript levels. The hybridization mixtures were heated to 94°C for 5 min, equilibrated at 45°C for 5 min, then clarified by centrifugation. Ten micrograms of fragmented cRNA was hybridized to the arrays at 45°C for 16 h. The arrays were washed with 6× saline/ sodium phosphate/EDTA (SSPE) at 25°C and then with 100 mM MES, 0.1 M NaCl, 0.01% Tween 20 pH 6.7, at 50°C. They were stained with streptavidin-phycoerythrin, washed with 6× SSPE, stained with biotinylated anti-streptavidin IgG, stained again with streptavidin-phycoerythrin, washed with 6× SSPE, then scanned, and subjected to image analysis (GeneArray scanner and GeneChip 4.0 software, Affymetrix).
Statistical analyses
Each probe set on the microarrays typically consists of 20 oligonucleotides complementary to a specific cDNA [perfect match (PM) features], and 20 identical oligonucleotides except for a central mismatch (MM features). Probe-pairs for which the PM -MM intensities were less than -1000 on one normal LCL that was selected as a standard were excluded from the analysis, as were probe-pairs displaying saturation in the image of the standard for either the PM or MM. For a saturated PM (or MM) value on other chips, the values were imputed by considering the ratio of non-saturating PM (or MM) values compared to the standard chip. A one-sided signed-rank test on the PM -MM differences was used to test expression for the probe set. The average intensity for each probe set was computed as the mean of PM -MM differences after trimming away the 25% highest and lowest PM -MM differences (see http://dot.ped.med.umich.edu:2000/pub/ICF/index.html). The average intensities for each chip were normalized using a piece-wise linear function that makes 99 evenly spaced quantiles which have the same values as the corresponding quantiles of the standard. In order to fit linear models, the data were then log-transformed by adding 100 to each trimmed-mean, converting still negative values to 0, and then adding 1 and taking logarithms. ICF and normal LCLs were compared using two-sample t-tests on the log-transformed data. For comparison of non-LCL cell lines with LCLs, a one-way ANOVA model was fit and the resulting t-tests for comparing pairs of groups used to judge the significance of LCL versus non-LCL differences.
DNA methylation analysis (COBRA)
COBRA was done as described by Xiong and Laird (32) and Sun et al. (63) . Oligonucleotides and PCR conditions are given in Table 6 . Only the expected sized PCR products were obtained. Ethidium bromide-induced fluorescence in the bands representing the cleaved versus the uncleaved PCR products was quantitated by digital analysis. Internal controls for complete digestion that were included in each digest indicated that no inhibitors of digestion were present. We demonstrated that the primer-pairs, which were designed to amplify only bisulfite-treated DNA, could amplify the genomic DNA only when it was bisulfite modified or that the PCR product from the bisulfite-modified DNA was unable to be cleaved by a non-CpG restriction endonuclease whose restriction site should be destroyed by a C→T conversion in the modified DNA whereas it could be cleaved by enzymes whose restriction site should be retained after bisulfite modification.
Flow cytometric analysis of LCLs of surface marker expression
LCL cells (106) were incubated with monoclonal FITC-anti human IgD, PE-anti human IgM, biotinylated-anti human IgG, biotinylated-anti human IgA and FITC-anti human CD19 (BD Pharmingen, San Diego, CA) for 40 min on ice. The cells were washed and incubated with streptavidin-CyChrome on ice for 40 min. Appropriate conjugated isotype control antibodies were used to quantify non-specific staining. Following staining, the LCLs were washed, fixed in cold 1% paraformaldehyde and analyzed by flow cytometry. Sorting for B lymphocytes from peripheral blood was done from a leukocyte fraction obtained by lysing red blood cells and staining remaining cells for 45 min with FITC-conjugated anti-human CD19 and the subset of interest sorted.
